Abstract
On the Mobilization of Metals by CO 2 Leakage into Shallow Aquifers: Exploring Release 1

Mechanisms by Modeling Field and Laboratory Experiments
for up to 40 days, and found increasing concentrations of Ca, Mg, Sr, Ba, Tl, U, Co, As and Ni 83 from the dissolution of mostly calcite and to a lesser extent pyrite. Researchers from the same 84 group (Kirsch et al.
11
) reacted sandstone samples with CO 2 under similar conditions for 27 days, 85 showing a rapid increase in major (Ca, Mg) and trace (As, Ba, Cd, Fe, Mn, Pb, Sr, U) elements, 86 which was attributed to the dissolution of calcite. 87 Together, these experiments analyzed various types of sediments (e.g., essentially carbonate-88 free in Varadharajan et al. 9 vs. carbonate-dominated in Wunsch et al. 10 ) in a variety of conditions 89 in terms of redox state (e.g., reducing in Varadharajan et al. vs. atmospheric pressure in most batch 91 experiments, e.g., Humez et al. 8 ), and reaction times ranging from a couple days 6 , tens of days [8] [9] [10] [11] 92 to hundreds of days. 5 Although this wide range of experimental conditions with various sediment 93 types resulted in different dissolved metal concentration responses, one common observation 94 found in these experiments was the rapid increase in alkali and alkaline earth metals, including Na, 95 K, Ca, Mg, Sr and Ba. As will be discussed later in this paper, these increases, often displaying 96 parallel concentration trends, could be explained by ion exchange. In general, observations from both field and laboratory experiments show an increase in the 134 dissolved concentrations of major and trace elements upon CO 2 release. However, there appears to 135 be two noticeable differences between the results of field and laboratory tests. First, the rise in 136 concentrations of dissolved constituents observed during field tests is typically much less 137 pronounced than in laboratory experiments-field tests show increases of about an order of 138 magnitude or less, compared to levels prior to CO2 injection (20% to 700% in the studies cited 139 above), whereas orders-of-magnitude increases have been observed in laboratory tests. Second, 140 increases in trace element concentrations, especially those of environmental relevance such as As, 141 Pb, Ba, and Cd, are more frequently reported in laboratory tests than in field tests. Potential 142 reasons for these differences are investigated in the present study. 145 In this paper, we use numerical models to investigate two issues regarding the impact of CO 2 146 leakage into groundwater: 1) the chemical processes leading to the mobilization of metals and 2) 147 the potential reversibility of these processes upon CO 2 exsolution, which would occur if deep CO 2 -148 saturated groundwater migrated (or was pumped) to shallow depths. Our objectives are first to 149 compare previous and new modeling results for two different field tests and one laboratory study, 150 to determine whether the same mechanisms could explain the mobilization of metals in these 151 experiments. Another objective is to bring up the subject of metal release reversibility, which has 152 not been given much attention in the literature. Our investigations on revesibility are limited to the 153 use of simple models to illustrate the concept, with the goal to stimulate interest in this topic for 154 further studies. 155 Numerical models have been used to perform generic evaluations of the potential impact of 156 CO 2 leakage on the water quality of shallow aquifers, 
Objectives of present study
180
In pure water, the dissolution of CO 2 at pressure > 5 bars yields a pH near 3. behavior of dissolved Ca concentrations, and of other cations by exchange with Ca ( Figure 1 ).
268
Modeling also showed that fast desorption could be an alternative process, yielding pulse-like 269 concentration trends for Ca, Fe, and other cations. where the groundwater composition and pH quickly returned to ambient background conditions 276 after the injection of CO 2 was stopped.
17
The contrasting behavior at these two sites may be 277 explained by the differences in regional hydraulic gradient and pH buffering capacity at these concentrations of dissolved species after CO 2 injection. In contrast, the hydraulic gradient at the 281 Mississippi site is small, and sediments have a low buffering capacity. Thus, it is suggested that 282 once injection ended, the return to slow groundwater velocities (thus increasing residence time) 283 and persisting low pH provided conditions favoring continued (and increased) reactions between 284 sediments and groundwater.
285
To test this hypothesis, further modeling analyses were performed as part of the present study.
286
Simple reactive transport models were constructed using the same setup and mineralogical, 
28
) that are strongly dependent on groundwater residence 294 times, and only noticeable when the groundwater velocity is slow relative to reaction rates or 295 inversely, when reaction rates are fast relative to the groundwater velocity.
296
In the present study we applied this concept to the Mississippi test experiment, by modeling 
Modeling Approach and Results
344
The numerical model was designed to mimic experimental procedure as closely as possible.
345
The water-sediment system was modeled as a "batch" system with a total volume of 1 L. The The same geochemical conceptual model, as adopted to simulate the MSU-ZERT and ). This causes a discontinuous pH curve 426 and unsymmetrical behavior between the CO 2 dissolution and exsolution stages (Figure 7) initially) (Figure 6 ). The system at low pH and ~5 bar CO 2 was then allowed to degas through a 1.E-08
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